Mannan, which is a major cell wall component of Saccharomyces cerevisiae, comprises a heterogeneous group of complex glycoproteins (2) . In these molecules, mannosyl units are attached to the protein either as short oligosaccharides linked to serine or threonine residues, or as highly branched polysaccharide chains linked via a diacetylchitobiose bridge to asparagine. Genetic and chemical analysis (17) has shown that the polysaccharide chains consist of an inner core of 12 to 15 mannosyl residues, linked to an outer chain of 50 to 100 residues.
It has been estimated (18) that the biosynthesis of the carbohydrate chains involves at least 10 different mannosyltransferases, each one catalyzing the formation of a specific glycosidic linkage. The mannosyl residues all originate from the sugar nucleotide GDP-mannose (3); in some cases, however, the transfer is not direct but rather takes place via lipid intermediates which have been identified as dolichol phosphate derivatives (9) . Such intermediates participate in the addition of the first mannosyl residue to serine or threonine (21) , and in the synthesis of polysaccharide inner core (12, 19) , but not in the synthesis of the outer chain (20) .
Studies on the cellular location of mannosyltransferases (10, 15) have indicated that those enzymes requiring dolichol phosphates as intermediates for mannosyl transfer are concentrated in membranes of the endoplasmic reticulum, whereas those without this requirement are found in cytoplasmic vesicles and the plasma membrane. The biosynthesis of mannoproteins is thus envisaged as a vectorial process, involving the translocation of nascent polypeptides from the endoplasmic reticulum to, and across, the plasma membrane, accompanied by a stepwise glycosylation.
Relatively little is known about the regulation of this and other pathways for the biosynthesis of yeast wall components. Most information is available for chitin synthesis, which is mediated by a single enzyme, chitin synthetase (EC 2.4.1.16). Cabib and Farkas (7) proposed a model for the activation of the zymogen form of this enzyme by an activating factor, later identified as proteinase B (22) . Recently, Farkas (8) has postulated the existence of protein inhibitors of polysaccharide synthetases as part of a generalized scheme for the regulation of cell wall biosynthesis in fungi. To date, such an inhibitor has been identified only in Mucor rouxii, where it acts directly on active chitin synthetase in both mycelial and yeast cells (13, 16) . In this paper we present evidence for the existence of a heat-labile, trypsin-sensitive inhibitor of mannan synthesis in S. cerevisiae. We have used particulate enzyme preparations containing endogenous acceptors in this study; "mannan synthetase" activity, as described here, is therefore a measure of the combined activities of the different mannosyltransferases present in these preparations.
MATERLALS AND METHODS
Organism. The yeast used in this study was S. cerevisiae X2180-lA(a), kindly supplied by C. E. Ballou, University of California, Berkeley. It was maintained on slopes of glucose-peptone-yeast extract medium (see below) containing 1.5% agar.
Growth conditions. The yeast was grown aerobically in a medium of the following composition (per liter): glucose, 20 g; peptone (Difco), 20 g; yeast extract, 10 g. Batches of medium (500 ml, in 2-liter Erlenmeyer flasks) were inoculated with overnight yeast cultures (50 ml) and incubated at 30°C in an orbital shaker operating at 150 rpm. Cells were harvested during the mid-exponential growth phase and washed once in 0.85% (wt/vol) NaCl at 4°C.
Preparation and lysis of spheroplasts. Spheroplasts were prepared by digestion of the yeast with Zymolyase 5000 (Kirin Brewery, Japan). Cells (1.6 g, dry weight) were suspended in 50 mM Tris-hydrochloride buffer (pH 7.2) (100 ml) containing 10 
RESULTS
Inhibition and activation of mannan synthetase. When the mannan synthetase activity of spheroplast lysate preparations was measured in the standard assay, there was a severe inhibition of enzyme activity at high concentrations of spheroplast lysate protein (Fig. 1) . The possibility that this effect was due to the presence of a low-molecular-weight inhibitor was tested by dialyzing the enzyme preparation against 50 mM Tris-hydrochloride buffer (pH 7.2). Although dialysis of the spheroplast lysate at 4°C for 24 h did relieve the inhibition, incubation of the preparation at 4°C for 24 h without dialysis was equally effective. This treatment resulted in a marked increase in enzyme specific activity when assayed at high (10 mg/ml) protein concentrations (Table 1) . There was a decrease in activity, however, when low protein concentrations (1 mg/ml) were used in the assay. Activa as the source of enzyme; on the contrary, this preparation lost activity during preincubation at 40C (Table 1 ).
The effect of preincubation at 4°C on the mannan synthetase activity of a typical spheroplast lysate preparation is shown in more detail in Fig. 2 . After preincubation there was a sixfold increase in specific activity when high concentrations of protein were used in assay mixtures. The optimum time period for enzyme activation at 4°C was 16 to 32 h. Activation occurred more rapidly but less effectively at higher temperatures (Fig. 3) . Daily freezing and thawing of the spheroplast lysate also caused an increase in enzyme specific activity when assayed at high protein concentrations this appeared to be due largely to variations in the initial specific activity. One possible explanation of these results would be a proteolytic activation of one or more mannosyltransferases. This would be analogous to the proteolytic activation of chitin synthetase, which has been proposed as a mechanism for the regulation of chitin synthesis in yeast (4, 7) . A variety of proteases from different sources are known to activate the chitin synthetase zymogen in vitro (22) . In the present study, several different proteases (subtilisin, pronase, pepsin, trypsin, or Aspergillus acid protease, at concentrations of 1 to 4 mg/ml) were added to standard incubation mixtures containing 10 mg of spheroplast lysate protein per ml, but none of them had an appreciable activating effect. Furthermore, protease inhibitors (trypsin inhibitor at 200 ,ug/ml; quinacrine, phenylmethylsulfonyl fluoride, and o-phenanthroline, all at 1 mM), when added to the spheroplast lysate before preincubation at 4°C, had little or no effect on the activation of mannan synthetase.
Ionic requirements for inhibition. When low concentrations of spheroplast lysate protein (1 mg/ml) were used in the standard assay, 7.5 mM MnCl2 gave optimal mannan synthetase activity. At high protein levels (10 mg/ml), this concentration of Mn2" was inhibitory; under these conditions maximum enzyme activity was observed in the absence of exogenous Mn2" (Fig.   4 ). After preincubation of the spheroplast lysate at 40C for 24 h, however, there was no inhibition of mannan synthetase activity at MnCl2 concentrations up to 25 mM. The inhibition was also relieved by an excess of EDTA in reaction mixtures (Table 2) , or by the presence of monovalent cations at high ionic strength (Table 3) . Inhibition appeared to be relatively specific for Mn2+; 7.5 mM MgCl2 had much less effect (0 to 35% inhibition, depending on the spheroplast lysate preparation used).
Inhibition by a supernatant fraction. The supernatant fluid obtained by centrifuging spheroplast lysate at 100,000 x g caused inhibition of mannan synthetase activity when added to assay mixtures containing preincubated (40C for 24 h) spheroplast lysate ( synthetase but do not preclude the possibility that inhibition is due simply to enzymatic destruction of either the substrate or the product of the reaction. Two soluble enzymes capable of degrading GDP-mannose have been reported in S. cerevisiae: a nucleotide pyrophosphatase (5) which requires Mg2" for activity, and a sugar nucleotide phosphorylase (6) (2) . Mn2+ concentrations of 5 to 10 mM have been reported (3, 11, 18) to produce optimal enzyme activity. In the present study, 7.5 mM MnCl2 gave opti-mal mannan synthetase activity when low concentrations of spheroplast lysate protein were used in the standard assay. At high protein levels, however, this Mn2" concentration proved to be inhibitory, although the inhibition could be relieved by preincubation at 4°C (Fig. 4) .
In light of these findings, we propose that lysed spheroplasts contain an inhibitory protein which can bind to one or more of the mannosyltransferases present and form an inactive complex. This complex formation would require the presence of Mn2", perhaps to form a divalent cation bridge between the two proteins or to produce conformational changes in one or both molecules allowing complex formation. At low protein levels (1 mg/ml in the assay) the concentrations of enzyme and inhibitor are too low to permit complex formation, even in the presence of Mn2". At high protein levels (10 mg/ml in the assay), however, complex formation will take place although it can be prevented by the addition of EDTA or monovalent cations. Incubation of the spheroplast lysate at low temperature would result in a gradual proteolytic destruction of the inhibitor. During the subsequent assay, no inactive complexes could be formed in the presence or absence of Mn2".
Although inhibitor present in the supernatant fraction was destroyed by trypsin treatment (Table 5) , trypsin did not activate mannan synthetase in incubation mixtures containing 10 mg of spheroplast lysate protein per ml. One possible explanation of this result would be that whereas free inhibitor is sensitive to trypsin, bound inhibitor, in the form of an enzyme-inhibitor complex, is resistant. Alternatively, spheroplast lysates may contain an inhibitor of trypsin which is inactivated during the preparation of the supernatant fraction. Destruction of mannan synthetase inhibitor in vivo is probably accomplished by a highly specific protease, since none of the protease inhibitors tested affected enzyme activation at 40C. Several new intracellular proteases have been detected in S. cerevisiae lately (23) , and it is possible that one of these enzymes might fulfil such a role.
There are no previous reports of a protein inhibitor of yeast mannan synthesis. Recently, however, Parodi (20) described the activation, upon storage at 2°C, of those mannosyltransferases involved in outer chain synthesis. After 3 weeks at this temperature enzyme activity had increased more than twofold. Such a finding is similar to some of our own and may be explained by the inhibition-activation mechanism we now propose. In this instance, an inhibitor of one or more of the transferases required for the synthesis of mannan outer chain would undergo a slow proteolytic destruction at low temperature. In the present study we have not attempted to assay individual mannosyltransferases but, from the results in Table 1 , it is clear that whereas some enzymes are activated during preincubation at 4°C, others lose activity. This, too, is consistent with the finding of Parodi (20) that those transferases responsible for the formation of dolichol intermediates are drastically inactivated during storage at low temperature.
In a recent review, Farkas (8) has proposed a scheme for the regulation of cell wall biosynthesis in fungi which involves inactivation of plasma membrane-bound polysaccharide synthetases by specific proteinaceous inhibitors located in the cell wall or periplasm. Previously, such an inhibitor had been identified only in Mucor rouxii, where it was isolated from the cytoplasm and shown to inhibit active chitin synthetase (13) . Our data now provide further support for this hypothesis. Although the inhibitor of mannan synthetase described here was detected in a 100,000 x g supernatant fraction prepared from spheroplast lysates, we have, as yet, no information on its precise location in vivo. It is quite conceivable that the supernatant fraction contains components derived from the cell wall or periplasm. Moreover, a surface location for the inhibitor might be expected if, as we have speculated, its inhibitory activity is directed towards those mannosyltransferases responsible for the formation of mannan outer chain.
